i We have measured the total light scattered from a mixture of deuterated isobutyric acid and heavy water (deuterium oxide, D, 0) near its upper critical solution point. The resulting turbidity was measured in a reduced temperature region 10e6 < t < lo-*, where t = ( T -T, )/T, and T, is the critical solution temperature, in a sample close to the critical composition. This completely deuterated mixture near its critical point exhibits similar properties to the undeuterated mixture and the turbidity can be explained using an Ising model. When the critical exponents Y and y were fixed at the values predicted from renormalization-group theory, the amplitude &, of the correlation length was determined to be 0.343 t 0.024 nm, while the amplitude of the turbidity r,, was (3.51 f 0.03) X lO-'j cm-', which seem consistent with two-scale-factor universality predictions.
INTRODUCTION
The effect of deuteration on the binary fluid mixture isobutyric acid and water has been investigated in the oneand two-phase regions by a number of people. The coexistence curve' and turbidity2 for the undeuterated mixture found this system to obey the exponent and amplitude relations predicted by renormalization-group theory.3 The effect of isotope exchange has also been investigated by several authors&" who have looked at the coexistence curve in the two-phase region, and the correlation length in the one-and two-phase regions. They observe normal critical point behavior in the one-phase region but more complicated phenomena in the two-phase region where isotope effects provide a ternary system. Only one investigator" has measured the totally deuterated system, for which the coexistence curve was found to behave normally. The mixture of deuterated isobutyric acid in heavy water is particularly interesting because of the complementary information on the partially deuterated mixtures and the undeuterated system. This article presents the first measurement of light scattering in the totally deuterated mixture of isobutyric acid and water. The results will be compared to the undeuterated and partially deuterated isobutyric acid and water systems previously reported. Finally, the amplitude prediction from two-scalefactor universality will be discussed.
Modem theories of critical solution points have been very successful in explaining a wide variety of observed phenomena in low molecular weight fluid mixtures.3 In particular, the critical exponents experimentally measured in binary fluid mixtures are found to be universal and to agree with the renormalization-group predictions for the Ising model (space dimension d = 3 and order parameter dimension n = 1).3 Renormalization-group theory has also been used successfully to relate amplitudes that describe phenomena near a critical solution point. Two-scale-factor universality predicts a universal relationship among the amplitudes B of the coexistence curve, x0 of the osmotic compressibility, and go of the correlation length. These amplitudes are defined by3
and ,y=xot -y, CT,
where 4 is the volume fraction of one component in the upper or lower phase, 4, is the critical composition, x is the osmotic compressibility, t is the reduced temperature t = 1 T -T, j/T,, andp, Y, and y are universal critical exponents predicted'* from the n = 1 (Ising) model to be 0.325, 0.63, and 1.241, respectively. It has been shown '3-'4 that the amplitudes can be related by
with a predicted '3-'4 value of 0.65-0.67 for the three-dimensional Ising model. Experiments in liquid-gas systems15 and undeuterated liquid mixtures2P '6 have confirmed this value within experimental error. The values of go and x0 can both be determined, in principal, by turbidity measurements as described later. The turbidity 7 is the inverse of an effective extinction length and is defined by r = ( -l/L) In (1,/I, ), where L is the length of the scattering medium, 1, is the transmitted light intensity, and I, the incident light intensity. The turbidity is caused by light scattering from concentration fluctuations in the fluid mixture near the critical point. By assuming Omstein-Zemike scattering," which has accurately explained the angular distribution of scattered light near a critical point, an expression for the turbidity can be obtained. A small asymmetry in the forward direction caused Fisher I8 to introduce a critical exponent 7 whose value is small (7 = 2 -y/~-0.030), resulting in a negligible effect on the turbidity at the level of current experiments. 16*r9 The turbidity can be developed by integrating the light scattered out of the incident beam to give" (for 7 = 0)
where (5) B c 0, TX (6) EXPERIMENTAL METHODS a = 2ki{', k, = 2m/A,, n is the refractive index of the mixture, R, is the vacuum wavelength of the light, and the turbidity amplitude r, is a quantity dependent on the system. Good data close to T, are crucial in determining go which enters in a complicated fashion through a. The compressibility dominates far from T,, so the turbidity has a simple power-law dependence r = 87, t -"/3 for TS T,. Close to T,, the turbidity varies much more slowly and is a function of both r, and go: r= [70/(k$$g)] ln(2a) for T> T, . If experiments very close to T, become possible, then the nonzero value of 17 becomes important and such a logarithmic dependence is not expected but rather the turbidity goes to a large (but finite) constant, as recently discussed by Ferrell.*' The compressibility amplitude,yo cannot be determined from r. in this study since measurements of the composition dependence of the refractive index, an*/& are not available.
The effects of deuteration on the critical point have been of interest for some time. Several measurements in the undeuterated isobutyric acid and water system have been carried out; two of particular importance to this experiment are the coexistence curve,' where the amplitude B = 0.536 when fi = 0.328, and the turbidity,* where (o = (0.3625 f 0.0065) nm and r. = ( 1.08 f 0.02) X 10 -5 cm -'. The system can then be partially deuterated in a number of ways in order to study isotope effects on the hydrogen bonding in this system. Heavy water (D,O) can be mixed with isobutyric acid (COOH) and/or the hydroxyl ion in the acid can be deuterated (COOD). Such partially deuterated systems form a ternary system below the critical point and the coexistence curve must be appropriately interpreted.4 The dependence of critical temperature and composition on the amount of deuteration was investigated by Gansen and Woermann' which has been generalized to other systems by Van Hook et aL6 and Schiin et al.7 with a universal relationship proposed by Jacobs.21 The correlation length go was also measured in the one-phase region of the partially deuterated system by Oswald et aZ.,8 who found lo = (0.31 f 0.02) nm, and by Gulari et a1.,9 who found co = (0.3 13 -& 0.016) nm, with normal Ising exponents. The latter group also measured the correlation length in the two phase region and found' renormalized exponents and a much smaller go _ -0.06 nm. For totally deuterated isobutyric acid (all eight hydrogens replaced by deuterium) and heavy-water system, only the coexistence curve has been measured: it was found " that the system behaved as the undeuterated mixture (giving Ising-like exponents) but with an amplitude (B = 0.61) that was larger than the undeuterated system.
This work describes precise measurements of the turbidity in the one-phase region close to the critical solution point of the totally deuterated mixture of isobutyric acid and water. The turbidity data are analyzed to determine consistency with Eq. (5 ), to determine the amplitudes c0 and ro, to test the two-scale-factor amplitude ratio R, and to compare our results with those in related systems.
The deuterated isobutyric acid came from Merck, Sharpe, and Dohme in Canada and was at least 94 at. % deuterated by mass spectrometric analysis. Deuterium oxide came from the Aldrich Chemical Co. and was 99.96 at. % deuterated. The sample was prepared" by S. Greer at the University of Maryland, sealed in a quartz ampoule, and loaned to our lab for the purpose of this study. Using a sample prepared at the same time as that used for the coexistence curve study" helps allow the critical amplitudes obtained from this experiment to be meaningfully combined with those from the coexistence curve. This mixture is somewhat sensitive to contamination from water vapor in the air and precautions were taken when the fluids were transferred into the optical cell (described later) just before the start of our experiment. The effect of minute impurities on the critical point is principally seen as a shift in the critical temperature, with negligible effects on the critical composition, amplitude, or exponents.** Our light-scattering cell is a commercial (Spectrocell) optical glass cell with a cylindrical design 22 mm in diameter and a path length of 5.00 cm. It has a fill tube which was heated and drawn closed to seal the sample. The optical cell was filled with a 88.5 mole % D, 0 sample transferred in air over a 2 min period from the sealed quartz ampule. The critical composition was determined by Greer" to be 88.2 mole % of D, 0, which is very close to the composition used in this experiment.
The temperature of the cell was controlled by immersion in a well-stirred, filtered water bath, as described previously. 16,23 A pair of optical glass windows was sealed to an insulated, cylindrical tank that housed the water, optical cell, stirrer, temperature control, and filtering attachments. The temperature was coarsely controlled by a separate circulating bath passing water through a sealed copper tube in the optical tank, and finely controlled with a Tronac PTC-41 to give f 0.2 mK maximum excursions over an hour and a long term stability less than 1 mK. The temperature was monitored with a Thermometrics thermistor in a separate ac bridge to an accuracy of & 10 mK and a precision of + 0.2 mK.
The optical system was designed and refined to optimize the precision and accuracy of the light-intensity measurements which allowed the turbidity to be determined. The optics have been fully described'6*23 and were modified by adding a laser power amplitude controller that provided an incident intensity that varied less than 0.1% long term and 0.02% short term.
The low-power laser beam (;1, = 632.8 nm) traveled through the water bath where the cell was oriented with the laser beam along the cell's cylindrical axis. The cell could be moved out of the beam path to determine the absolute turbidity of the fluid sample. The detection, computer averaging and experimental procedure are the same as described previously. '6*23 EXPERIMENTAL RESULTS
The procedure of taking intensity measurements with the cell in and out of the beam path corrects for reflected and absorbed light from the bath, but not for reflected light from the cell windows. The turbidity due to reflections from the cell windows can be calculated from the refractive indices of the cell windows, water, and the fluid mixture. The refractive index of the deuterated isobutyric acid and water solution was measured by a beam-displacement technique and found to be 1.381 f 0.007. Water and the optical glass windows had refractive indices of 1.333 and 1.52, respectively. The contribution to the measured turbidity due to the reflectance at normal incidence is then 0.0026 + 0.0001 cm -' for the optical glass cell. The turbidity rr due to reflectance from the cell windows is subtracted from the measured turbidity at each temperature to obtain the absolute turbidity r of the deuterated isobutyric acid and heavy water mixture: they were taken over a ten week period. The background turbidity from the cell reflectivity (discussed earlier) has been subtracted from the experimentally determined turbidity to give the absolute turbidity in units of reciprocal centimeters. The reduced temperature c ranges from 10 -6 to 10 -* and is determined from the experimentally measured phase-transition-temperature values for each sample which are taken as the critical temperature. The error in the turbidity Sr represents the experimental standard deviation propagated from the light-intensity measurements and includes the error in the path length determination. Light scattering in the forward direction is sma1124 and our geometry and aperture sizes should give a negligible multiple scattering contribution to the measured turbidity. The data are plotted in Fig. 1 . The almost linear dependence at large I in Fig. 1 has a slope of -y corresponding to the t -Y power-law dependence. At small t, the turbidity changes slowly in accordance with Eq. (5).
where I, and I2 are the ratios of the transmitted to reference intensities with and without the cell in the beam, respectively. A rather long (5 cm) path length cell was used because of the small amount of light scattering which occurs in this system. Two effects were used to determine the onset of phase separation. The first was a large increase in the turbidity as the temperature was decreased in small ( l-3 mK) steps toward T,. Since the turbidity changes slowly with temperature close to, but above, T,, a sudden turbidity increase signals the formation of large concentration fluctuations-the precursor of a second phase. When such an increase was observed, the system was held at the temperature for l-2 d to look for the second indicator of phase separation: the appearance of two liquid phases separated by a distinct meniscus, which appeared to divide the phases equally in our cell. The phase-separation process takes several hours when very close to the critical temperature ( < 1 mK) and can be easily missed if data are taken too quickly. The transition temperature in this cell was observed to be 42.193 + 0.001 "C for runs 2 and 3 and 42.183 f 0.001 "C for run 4 (run 1 did not get close enough to the critical point to observe the phase transition precisely). These values agree very well with Greer's value" of T, = 42.193 . The shift in the phase-transition temperature from runs 2-3 and run 4 is not understood but could be the result of a shift in the critical temperature or a drift in our electronics during the month between those runs. Assuming a critical composition of 88.2 mole % D, 0," our sample's composition would result in a negligible 30pK difference between the phase-separation temperature and the critical temperature.
The data shown in Table I can be analyzed using a properly weighted least-squares fit where the parameters go, ro, r,, , V, 'yt and T, can all be adjusted in Eq. (5). A properly weighted fit utilizes both the experimental uncertainty in the turbidity &given in Table I , and the propagated uncertainty in the reduced temperature. The error in the reduced temperature corresponds to the 1.0 mK uncertainty in the critical temperature. A nonlinear fit described in Bevington" was used to determine the parameter values. The errors in the parameters take into account the correlated errors26 in the parameters, and are quoted in our results at the 99% confidence interval. Further details about this program will appear elsewhere.*' In all of the fits reported here, one point at t = 2.667 x 10 -3 was omitted from the fits as an outlier.
An additional parameter r6 was added to the right-hand side of Eq. (5) as a constant, background turbidity that was necessary for this function to fit the data in Table I . This parameter accounted for scattering that was not due to the critical solution point and was presumably caused by a noncritical scattering in the sample.
The parameters go, ro, u, 3: and r,, were varied in the fits of Eq. (5) to the turbidity data reported in Table I . The critical temperature was allowed to vary within the range determined from observation; however, the other parameters did not change within experimental error, principally because the points close to T, are not weighted strongly nor does the turbidity change rapidly in this region. The resulting values of the parameters are given in Table II , along with the uncertainties in the parameter values at the 99% confidence interval. The data reported in Table I were well explained by an n = 1 Ising model as shown by the three fits in Table II. The turbidity data are presented in Table I in the order
The first fit allowed the five parameters r. , co, r6, u, and y to vary freely. When all 89 points were fit by Eq. (5) I. Absolute turbidity r in the one phase region of deuterated isobutyric acid in heavy water as a function of temperature Tar reduced temperature I = ( T-T,)/T,. T, is the critical temperature taken as 315.343 K for runs 1-3 and 315.333 K for run 4. The absolute turbidity corrects the measured turbidity for the light reflected from the cell windows. (5) to the absolute turbidity data in Table I . All fits were to the entire set ofdata which covered the reduced temperature region 10mb < t < lo-*. A constant background turbidity r,, was used to account for scattering far from the critical solution temperature r,. Errors on the parameters are at the 99% confidence interval as described in the text. x2/N is the reduced chi squared as defined in Ref. to the fits, it was not possible to accurately determine the critical exponents from this experiment. The last two fits in Table II use the exponents fixed at their theoretical values of u = 0.63 and y = 1.241.i2 The data were best fit by the parameters in Eq. (5) having the values r. = (3.51 f 0.03) X 10e6 cm-', co = (0.343 f 0.024) nm, and r,, = ( 1.97 f 0.22) x lo-3 cm-i. It is necessary to include r6 as a variable parameter, even though its value is small, as shown by the relatively large reduced chi square when rb = 0 in the last fit.
Our determination for go and r, are compared to the values others have determined for the undeuterated or partially deuterated mixture isobutyric acid and water in Table  III . In the one-phase region, the partially deuterated system has a value of lo which seems independent of the original deuteration of the hydroxyl ion in isobutyric acid. However, the partially deuterated system has a significantly lower value of co than either the undeuterated mixture or the completely deuterated system reported here. While the values of &, for the undeuterated and completely deuterated system agree within experimental error, the value of r. is much larger in the former system than in the latter. Since the amplitudes r. , &, , and B are universally related through Eqs. (4) and (6)) a larger r. (with a similar co ) should mean a larger value of B in the undeuterated than in the completely deuterated system. However, Greer" found just the oppositethat B increases on deuteration. This can still be consistent with two-scale-factor universality if the refractive index dependence on composition appearing in Eq. (6) is much larger in the undeuterated than completely deuterated system. While data exist for isobutyric acid, water, and heavy water, only the density has been reported for completely deuterated isobutyric acid. ' ' Even estimates for the refractive index variation on composition using, say, the Lorentz-Lorenz relation2' require refractive index data which have not ap-TABLE III. Values of the parameters r0 and & are compared for the undeuterated system isobutyric acid (iba) and water, partially deuterated isobutyric acid with the hydroxyl ion deuterated (COOD) or not (COOH) with heavy water, and the completely deuterated isobutyric acid (d-iba) and heavy water. peared in the literature. Thus, it is not possible to verify twoscale-factor universality in this system at this time.
SUMMARY
From transmitted light-intensity data in the one-phase region of completely deuterated isobutyric acid and heavy water, the turbidity was well determined in the reduced temperature range 10 -6 < t < 10 -2. Although the data could not accurately determine the critical exponents, when the Ising model values of v = 0.63 and y = 1.241 were used, the best fit to the data gave amplitudes lo = 0.343 f 0.024 nm and r. = (3.51 k 0.03) X 10m6 cm-'. The amplitude lo of the correlation length is effectively the same as that found in the undeuterated isobutyric acid and water system but larger than in partially deuterated systems. Two-scale-factor universality could not be directly tested in this system.
